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Summary 

Beta cell destruction in NOD mice can be accelerated by adoptive transfer of diabetic spleen cells into irradiated adult NOD 
mice. Here mice receiving diabetic spleen cells were examined at days 0,7, 14,21 and at onset of diabetes for the resulting 
insulitis and the number of intra-islet CD4 and CD8 cells and macrophages. The progression of insulitis and the number of 
intra-islet CD4 and CD8 cells and macrophages were correlated with the expression and co-localization of inducible nitric 
oxide synthase, interferon-)' and interleukin-4 by dual-label light and confocal immunofluorescence microscopy. Diabetes - 
developed in 7/8 mice by 27 days following cell transfer. The insulitis score increased slightly by day 7 but rose sharply at 
day 14 (p = 0.001) and was maintained until diabetes. The mean number of intra-islet CD4 and CD8 cells and macrophages 
showed a similar trend to the insulitis scores and were present in almost equal numbers within the islets. Immunol abelling for 
inducible nitric oxide synthase was observed at day 7 in only some cells of a few islets but increased sharply from day 14. It 
was restricted to islets with insulitis and was co-localized in selective macrophages. Weak intra-islet interleukin-4 labelling 
was observed at days 7 and 14 but became more pronounced at day 2 1 and at onset of diabetes, being present in selective CD4 
cells. Intra-islet labelling for interferon-/ was first observed at day 21, but became more intense at onset of diabetes and was 
co-localized in a proportion of macrophages. Both cytokines were expressed in islets with advanced insulitis. Interferon-}/ 
staining was also observed within endothelial cells located in the exocrine pancreas. We conclude that transfer of diabetic 
spleen cells results in a rapid influx of CD4 and CD8 cells and macrophages within the pancreas of recipient mice. During 
the period of heightened insulitis, selective immune cells begin to express inducible nitric oxide synthase and the opposing 
cytokines, interferon-)/ and interleukin-4. Expression of these molecules becomes more pronounced immediately prior to and 
during the onset of diabetes. 



Introduction 

Insulin-dependent diabetes mellitus (TDDM) is an autoim- 
mune disease and results from selective destruction of beta 
cells. During the disease, T cells and macrophages infil- 
trate the pancreatic islets progressively and mediate beta 
cell destruction over a prolonged asymptomatic prediabetic 
period (Eisenbarth * r «/. 1 987, Bach 1994). The NOD mouse 
develops spontaneous IDDM over a protracted period also 
and shares many immunopathogenetic features with the 
human disease (Signore et al 1989, Kikutani & Makino 
1992). Two accelerated models of IDDM have been devel- 
oped in the NOD mouse, namely the cyclophosphamide and 
the adoptive transfer models (Harada & Makino 1 984, Wicker 
etal. 1986,Bendelac?/tf/. 1 987). Tn these models, the pancre- 
atic islets of recipient mice are rapidly infiltrated by immune 
cells followed by almost synchronous development of TDDM 
(Kay et al. 1991, O'Reilly et aL 1991, Reddy et al. 1999). 



Thus, the accelerated models allow studies into the cellular 
and molecular immunopathogenesis of the disease over a nar- 
row time frame. 

In the adoptive transfer model, administration of spleno- 
cytes from diabetic NOD mice into syngeneic mice (irradi- 
ated adult NOD mice or non- irradiated newborn mice) results 
in accelerated diabetes (Wicker et al 1986, Bendelac et al. 
1 987). Although previous studies have described the pancre- 
atic influx of immune cells and their phenotypes in the cell 
transfer model, there is little information correlating the kinet- 
ics of islet invading immune cells with the expression of puta- 
tive intra-islet molecular mediators of beta cell destruction. Tn 
a previous study, islets from recipient mice maintained in cul- 
ture released nitric oxide (NO) in the later stages of cell trans- 
fer and at increasing levels prior to diabetes onset (Corbetl 
et al. 1993). The elevated levels of NO were accompanied 
by a parallel and irreversible decline in glucose- induced 
insulin release. Recently, by in situ hybridization, mRNA 
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for tumour necrosis factor-alpha (TNF-cr) and granzyme A 
were detected in intra-islet infiltrates of newborn mice fol- 
lowing adoptive transfer of diabetic splenocytes (Mueller 
ei al. 1995). Both, TNF-or and granzyme A, which increase 
the cytolytic potential of perforin expressed by CD8 cells, 
have been implicated in beta cell destruction in the NOD 
mouse (Young et al. 1989, Griffiths & Mueller 1991). How- 
ever, the intra-islet cellular sources of these and the pres- 
ence and co-localization of other putative mediators of beta 
cell destruction in the adoptive transfer model have not been 
established. 

In this study, we employed the adoptive transfer model to 
gain further insights into the role of various intra-islet immune 
cells and some of the known inflammatory molecules they 
secrete, in beta cell destruction. Diabetic spleen cells from 
NOD mice were administered to irradiated adult syngeneic 
recipients to accelerate the disease. The resulting insulitis 
was quantified at different time-points following cell trans- 
fer in sections of pancreas. The progressive invasion of CD4 
and CD8 cells and macrophages into the islets was enumer- 
ated following immunohistochemical staining. The insulitis 
scores and the kinetics of intra-islet immune cells were cor- 
related with the expression and co-localization of inducible 
nitric oxide synthase, the Thl cytokine interferon-^ and the 
Th2 cytokine interleukin-4, by dual -label light and confocal 
microscopy. 

Materials and methods 

Animals 

A colony of NOD/LU mice was established in- the Animal 
Resources Unit of this institution from six breeding pairs orig- 
inally obtained from the Jackson Laboratories, Bar Harbor, 
Maine, USA. The colony has been maintained under conven- 
tional conditions but with strict adherence to a high standard 
of hygiene. The current rate of diabetes among females is 70% 
between the ages of 90 and 250 days. Diabetes was defined 
as the presence of heavy glycosuria on three consecutive 
days detected by testape (Eli Lilly, St. Louis, Indianopolis, 
USA) and confirmed by a hyperglycemic value of > 12 mM 
in blood samples from the tail (Medisense blood glucose 
meter). 

Adoptive transfer 

Adoptive transfer of diabetic spleen cells was performed as 
reported previously (Wicker et al 1986). Diabetic donor 
female NOD mice were killed by cervical dislocation and 
the spleens were removed and dispersed into single cells in 
Hanks BalancedSalt Solution. Spleen cell viability was deter- 
mined by Trypan Blue exclusion and was found to be more 
than 98% viable. Splenocytes (20 x 10* cells per recipient) 
were injected intravenously into 8-10 week old male NOD 
mice which were exposed to 750 rad from a cobalt source on 
the previous day. 
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Tissue collection 

Following cell transfer, pancreas was examined from groups 
of three recipients at days 7, 14, 21 and at onset of dia- 
betes. Pancreas from three mice was also examined at day 0 
(I day after irradiation and without spleen cell transfer). At 
the appropriate time-points, animals were killed by cervical 
dislocation and almost the entire pancreas with a small por- 
tion of the adjacent spleen was removed, embedded in OCT 
and snap-frozen in isopentane precooled in liquid nitrogen. 
Tissues were stored at -70 C until immunohistochemical 
analysis. 

Pancreas from an additional three recipient mice which 
developed diabetes following cell transfer was fixed in 
Bouin's solution, processed and embedded in paraffin wax. 

Primary antibodies, non-immune IgC and normal sera 

Polyclonal antibodies to mouse macrophage inducible nitric 
oxide synthase (iNOS; rabbit IgG fraction, 1 mg/ml) were 
prepared by Dr. C. Nathan, Cornell University Medical 
College, New York, USA and supplied by Upslate Biotech- 
nology, New York, USA. The monospecificity of this anti- 
body for mouse iNOS has been reported previously, and it 
has been employed for immunohistochemical labelling of 
the enzyme in lipopoly saccharide (LPS) and interferon-y 
(TFN-y) activated mouse peritoneal macrophages (Xie et al. 
1 992). This antibody has subsequently been employed by the 
same authors for immunolocalization of iNOS in pancreatic 
sections of the Biobreeding (BB) rat and by us and other 
investigators in the NOD mouse (Kleeman etal. 1993, Rothe 
etal. 1994, Red&yetal. 1997, 1999). 

Dr. H. Georgiou of the Walter and Eliza Hall Institute, 
Melbourne, Australia supplied rat monoclonal antibodies to 
mouse macrophages (MAC-1, clone M/170), CD4 (clone 
GK 1 .5) and CD8 (clone 53-6.72) in the form of culture super- 
natants. The same monoclonal antibodies have been previ- 
ously used for immunohistochemical staining of sections of 
pancreas from the NOD mouse in this laboratory (Reddy etal. 
1995, 1997). 

Rabbit polyclonal antibodies (1 mg/ml) to highly puri- 
fied recombinant mouse interleukin-4 (IL-4) and mouse 
interferon-y and control rabbit IgG were obtained from 
PeproTech Incorporated (New Jersey, USA). The con- 
trol normal rabbit IgG and rabbit anti-mouse IL-4 were 
supplied following purification by ammonium sulphate 
precipitation and ion exchange chromatography while rab- 
bit anti-IFN-y was supplied following purification by 
Protein A affinity chromatography. Rat monoclonal antibod- 
ies (0.5 mg/ml, isotype: IgGO to highly purified recombi- 
nant mouse IL-4 (clone 1 IB1 1 and clone BVD4-1D1 1) and 
to mouse INF-y (clone R4-6A2) and isotype matched con- 
trol rat IgG, were purchased from Pharmingen (San Diego, 
California, USA). Affinity purified goat polyclonal anti- 
bodies to highly purified mouse IL-4 and mouse IFN-y 
were obtained from R&D Systems, Minneapolis, 
MN. USA. 
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Rat monoclonal antibody to mouse CD31 (clone MEC 
13.3, rat IgG^, k isotype) was purchased from Pharmingen. 
This antibody recognizes CD3I antigen which is expressed 
constitutively on the surface of endothelial cells in a variety 
of tissues and is weakly expressed on peripheral lymphoid 
cells and platelets. The immunohistochemical specificity of 
this antibody for mouse endothelial cells has been reported 
previously (Vecchi et aL 1994). 

Guinea pig anti-insulin serum was prepared by 
Dr. J. Crossley, Department of Paediatrics, University of 
Auckland and is specific for insulin (Reddy et aL 1 988a). Rab- 
bit polyclonal antibodies to glucagon and somatostatin were 
obtained from Dr. J. Livesey, Christchurch, New Zealand 
and Dr. J. Oliver, Adelaide, Australia, respectively, and have 
been employed in our previous immunohistochemical studies 
(Reddy etal. 1988b). 

In the immunohistochemical procedure, all primary anti- 
sera were titrated to give maxima] immunohistochemical 
reactivity. 

Normal sera from the goat, sheep, donkey, rabbit, guinea 
pig, rat and mouse were available in this laboratory. 

Mouse cytokines 

Highly purified recombinant mouse IL-4 and IFN-y were 
generously supplied by Genentech, San Francisco, USA. 

Histochemical staining and evaluation of insulitis 

Serial frozen sections (8 urn-thick) were prepared from dif- 
ferent levels of the pancreas, thaw-mounied on glass slides 
and fixed in cold acetone for 1 0 min and stored at -20 C until 
required. Sections from each level were stained by haema- 
toxylin and eosin (H&E) and the islets graded for the sever- 
ity of insulitis from a scale of 0-^4- as reported previously 
(Charlton et aL 1988, Reddy et aL 1991, 1999). By this 
method, islets devoid of any mononuclear cells = 0, mini- 
mum focal islet infiltrate = l+; peri-islet infiltrate of < 25% 
of islet circumference = 2+; peri-islet infiltration and < 50% 
intra-islet infiltrate = 3+; inlra-islel infiltration > 50% of 
islet area = 4+. All slides were coded and at least 10 sepa- 
rate islets from different levels of the pancreas of each animal 
were scored. The insulitis score (%) for each study group was 
calculated as follows: 

Sumof(lx number of islets with 1+, 2x number of islets 
with 2-K 3x number of islets with 3+, 4x number of islets 
with 4+) divided by 4x total number of islets scored. The 
ratio obtained was expressed as a percentage. The insulitis 
score (%) for each study group was expressed as the mean 
±SEM. 

Immunolabelling o/CD4 and CD8 cells and 
macrophages 

During the immunohistochemical procedure (described 
below) sections were washed in excess phosphate-buffered 
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saline (PBS), pH 7.5, before addition of each immunological 
reagent. Prior to commencement of immunohistochemical 
labelling, sections were routinely re-fixed briefly in cold 
acetone, equilibrated in PBS and incubated with blocking 
solution (10% v/v normal sheep serum in PBS) for 30 min 
at 37 C. 

Immunohistochemical staining of pancreatic CD4 and 
CD8 cells and macrophages was carried out as described 
previously with minor modifications (Reddy et aL 1995, 
1997). Following the blocking step, monoclonal antibodies 
to CD4 and CD8 cells and macrophages were applied to 
serial sections of pancreas and incubated for 2.5 h at 37 C. 
After washing, sections were incubated with goat anti-rat 
IgG-Cy2 (1 :50, Amersham, UK) for I h at 37 C. Sections 
were washed and mounted with glycerol-PBS mountant and 
examined with an Olympus fluorescence microscope for the 
presence of immune cells. Selected sections were also exam- 
ined by con focal microscopy. 

Immune cell enumeration 

The number of CD4 cells, CD8 cells or macrophages present 
within the islets and immediately outside the islet but in close 
apposition to the islet boundary were either counted micro- 
scopically or following photography as described previously 
(Reddy*/*//. 1995, 1999). At least 10 islets from each animal 
were analyzed. Results were expressed as the mean number 
of immune cells per islet for each group ± SEM. 

Immunolabelling and co-localization of iNOS 

Immunohistochemical labelling of iNOS and its co-local- 
ization in beta cells and macrophages were carried out as 
described recently, with minor modifications (Reddy et aL 
1997, 1999). Following blocking with normal sheep serum, 
sections were incubated with anti-iNOS (1 : 200) for 16 h at 
room temperature followed by incubation with goat anti- 
rabbit IgG-biolin (I :200, Jackson Tmmunoresearch Labo- 
ratories, West Grove, Pennsylvania, USA) for 1 h at 37 C. 
Sections were finally incubated with streptavidin-Texas Red 
(1 :200, Jackson Immunoresearch Laboratories) for 1 h at 
37 C, washed and mounted in glycerol-PBS before micro- 
scopical examination and photomicrography. 

Pairs of serial sections were also immunohistochemically 
stained either for beta cells or macrophages before iNOS 
immunolabelling. In this procedure, sections were blocked 
with either an equal mixture of 10% v/v normal mouse 
and donkey sera (for insulin staining) or 10% v/v normal 
sheep serum (for macrophage staining) and incubated with 
either guinea pig anti-insulin serum (1 : 100) or MAC- 1 anti- 
body for 2.5 h at 37 C. They were then reacted with donkey 
anti-guinea pig IgG-FTTC (1 : 100, Jackson Immunoresearch 
Laboratories) or goat anti-rat IgG cyanin-2 (1 :50). Tnsulih 
and macrophage labelled sections were blocked with nor- 
mal sheep serum and double-stained for iNOS as described 
above and examined by light immunofluorescence and con- 
focal microscopy. 
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immunolabeUing and co-localization of cytokines 

The immunohistochemical procedure adopted in this study 
for the cellular localization of cytokines was a minor modi- 
fication of a recently reported protocol (Rolhe et of. 1994). 
Preliminary results indicated that the rabbit polyclonal anti- 
bodies to IL-4 and IFN-y showed more intense immuno- 
staining than the corresponding rat monoclonal antibodies 
and goat polyclonal antibodies. Therefore, in the present 
study, rabbit polyclonal antibodies to the two cytokines were 
employed in all the immunohistochemical studies. . 

During I he immunohistochemical procedure (described 
below) sections were washed in excess phosphate-buffered 
saline (PBS), pH 7.5 containing 0.3% saponin (Sigma, 
St. Louis, MO, USA). PBS-saponin also acted as the 
diluent for all immunological reagents for cytokine stain- 
ing. Sections were re-fixed in cold acetone, equilibrated in 
PBS-saponin and blocked with 5% normal sheep serum 
for I h at 37 C. After washing, they were incubated with 
rabbit anti-IL-4 (1:50) or rabbit anti-TFN-y (1:50) for 
18h at 4 C. Sections were then washed and incubated 
with goat anti-rabbit IgG-biotin (1 : 200, Jackson Immunore- 
search Laboratories) for I h at 37 C. After washing, sec- 
tions were incubated with streptavidin-Texas Red (1 : 200, 
Jackson Immunoresearch Laboratories) for 1 h at 37 C. Sec- 
tions were washed, mounted with glycerol-PBS and exam- 
ined by light and confocal immunofluorescence microscopy 
(see below). 

Groups of three serial sections were stained with anti-IL-4 
or anti-IFN-y as described above. Each of the three sections 
were incubated with anti-CD4, anti-CD8 or MAC- 1 antibody 
for 2.5 h at 37 C, washed in PBS without saponin and then 
incubated with sheep anti-rat IgG cyanin-2 (1 : 50) for 1 h at 
37 C. Sections were prepared for microscopical examination 
as described above. 

Sections were immunolabelled for the two cytokines as 
described above and stained for insulin. Following washing, 
sections were blocked with normal mouse serum (20% v/v 
in PBS) and incubated with guinea pig anti-insulin serum 
(1 : 100, I h, 37 C), washed and then incubated with don- 
key anti-guinea pig IgG-FTTC (50x Jackson Immunore- 
search Laboratories, 37 C, t h). After the final washing, 
sections were prepared for microscopical examination as 
above. 

ImmunolabeUing of insulin, glucagon and somatostatin 

Pancreatic tissues following Bouin's fixation were employed 
to immunolocalize insulin, glucagon and somatostatin 
(Reddy et al. I988a,b). Sections (5um) were dewaxed, 
hydrated and equilibrated in PBS. Following blocking with 
5% normal sheep or donkey serum, sections were incu- 
bated with either guinea pig anti-insulin (1 : 50), rabbit anti- 
glucagon ( 1 : 200) or rabbit anti-somalostatin (1:50) for 1 h at 
37 C followed by incubation with either donkey anti-guinea 
pig IgG-FiTC or goat anti-rabbit IgG-biotin. Sections incu- 
bated with ami -glucagon or anti- somatostatin were reacted 
with either streptavidin-Texas red or streptavidin-FTTC. 
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Sections immunostained for glucagon or somatostatin were 
also dual-labelled for insulin. 

Light microscopy 

Sections were examined with an Olympus UV-visible micro- 
scope equipped with excitation filters for Texas red (568 nm) 
and fluorescein (488 nm) and mercury and halogen lamps. 
At least 10 islets from each pancreas and the entire exocrine 
region on each slide were analyzed. Selected regions were 
photographed following light and confocal microscopic 
examination. 

Confocal microscopy 

Immunohistochemically-stained sections of pancreas from 
NOD mice were examined using a Leica TCS 4d Confocal 
Laser Scanning Microscope (Leica, Heidelberg, Germany) 
(Reddy etal. 1997, 1999). 

The confocal system was operated in fluorescence mode 
to image the distribution of Texas red-labelled antigens in 
the section, the maximum and minimum pixel intensities 
being optimized for the Texas red photomultiplier channel. 
To image the distribution of FITC- orcyanin-2-labeIled anti- 
gens, a specific FTTC filter set was selected, the voltage and 
offset of the photomultiplier channel being adjusted to opti- 
mize pixel intensity. For the direct correlation studies, five 
optical sections, approximately 1 apart, were collected in 
the FITC range to image the distribution of FITC- or cyanin-2- 
labelled antigens. The filter set was then changed to provide 
a 568 nm line to excite Texas red, and a separate series of 
the corresponding Texas red-labelled antigen was collected 
through the identical c-series co-ordinates. 

Each digital set was collected on the confocal microscope 
and processed using the 3D software included with the Leica 
Scan Ware operating system to construct a z-series projec- 
tion, a computer-averaged assembly of all optical sections in 
the data set. The images were saved in a TIFF file format 
before transfer to a Power Macintosh 7 100/80 AV for image 
processing. 

Image processing and photography 

Appropriate fields from light immunofluorescent stained 
sections and sections following H&E staining were pho- 
tographed with a Kodak Ektachrome 200 ASA film and the 
images transferred to a photo compact disk. 

Confocal images were assembled in Adobe Photoshop 4.0 
(Adobe Systems lnc, USA). The FTTC distribution was 
assigned a fluorescent green colour and the Texas red dis- 
tribution a bright red colour. Separate fluorescent images as 
well as merged images were saved as TTFF files. 

Immunohistochemical controls 

In the immunohistochemical procedure, the primary anti- 
bodies against iNOS, IL-4, IFN-y , glucagon or somatostatin 
were replaced with buffer, normal rabbit IgG or normal sera 
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from a rabbit, mouse, rat or guinea pig at equivalent dilu- 
tions and primary and secondary steps were omitted. In the 
immunohistochemical procedure for BL-4 and IFN-y, the 
primary rabbit antiserum was absorbed with an excess of 
the homologous cytokine (0.5 and I u,g per u.g anti-lL-4 or 
anti-IFN-y immune IgG) prior to use. In the immunohis- 
tochemical protocol for insulin, the primary antiserum was 
absorbed with excess highly purified bovine insulin (1 u.g 
insulin per u.1 of original immune serum) before use. It was 
also substituted with normal guinea pig serum. In the dou- 
ble staining protocol species-specific secondary antibodies 
(FITC- or biotin-linked) were replaced by incompatible anti- 
bodies. Dual staining was also performed in the absence of 
one of the two primary antibodies. 

Statistical analysis 

For the insulitis scores, an arc sine transformation was used. 
Polynomial regression was used to investigate whether there 
was a difference in the change in insulitis score over time. 
As most islets had zero immune cell infiltration at day 0, the 
change in the number of immune cells was investigated from 
day 7 until the onset of diabetes. A square root transforma- 
tion was used on the cell counts to adjust for the correlation 
between the mean and variance in counts. Polynomial regres- 
sion was used to investigate the change in the number of CD4 
and CD8 cells and macrophages over time. 

Results 

Incidence of diabetes following adoptive transfer 

Diabetes developed in 7/8 mice between days 17 and 28 fol- 
lowing spleen cell transfer. Among the 7 diabetic mice, a 
single mouse developed the disease at day 1 7, two at day 23 
and the remaining 4 mice at day 27. 

Severity of insulitis 

The mean insulitis score % ± SEM at various time-points 
following cell transfer is shown in Figure I . At day 0 (I day 
after irradiation and without spleen cell transfer), the sever- 
ity of insulitis was either negligible or absent in most islets. 
The insulitis score showed a moderate increase at day 7 but 
rose rapidly at day 14 (p = 0.001). This was maintained 
at day 2 1 and at onset of diabetes. Insulitis scores showed 
a change over time and a quadratic term was found to be 
significant (F 1,15 = 6.05, p ~ 0.030). 

Figure 2a-f shows representative photomicrographs of the 
changing pattern of immune cell influx into the islets follow- 
ing cell transfer. 

Intra- islet CD4 and CDS T cells and macrophages 

The kinetics of intra-islet CTD4 and CD8 cells and macro- 
phages showed a similar trend to the insulitis scores until 
day 14 (Figure 3). All three cell-types in the intra-islet areas 
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Figure I. The mean insulitis scores 0* ± SEM) in recipient mice at vari- 
ous time-points following administration of diabetic spleen cells. Insulitis 
scores were obtained from three mice at each time-point. The insulitis 
scores showed a statistically significant increase from day 7 to either 
days 14, 21 or until diabetes onset (p = 0.001: polynomial regression 
analysis) but not from days 0 to 7 or between days 1 4 to onset of diabetes. 

showed a rapid increase from days 7 to 14 which was main- 
tained until day 21. The mean number of intra-islet CD4 and 
CD8 cells declined gradually from day 21 until the onset 
of diabetes. The mean number of intra-islet macrophages 
showed a small increase from days 14 to 21 but declined 
at onset of diabetes. At each time-point the mean num- 
ber of intra-islet immune cell-types was not significantly 
different. 

Separate analyses for CD4 and CD8 cells and macrophages 
showed that there was a change in the mean number of cells 
per islet over time (F 2,477 = 4.01, p = 0.02) and was differ- 
ent for the three cell-types. A quadratic curve was appropriate 
for all three analyses (p < 0.0001 in all cases). There was 
a significant increase in the mean number of immune cells 
per islet from days 7 to 14 (p = 0.001) followed by a slight 
decline from day 21 to onset of diabetes (p = 0.01). 

From day 7 onwards CD4 and CD8 cells and macrophages 
were observed in exocrine regions also. Representative pho- 
tomicrographs showing the intra-islet distribution of the three 
immune cell types at various time-points following cell trans- 
fer are shown in Figure 2g-r. j 

Expression of insulin, glucagon and somatostatin at 
onset of diabetes 

At onset of diabetes, insulin immunoreactive cells were either 
reduced or absent (Figure 4a-c). In contrast, glucagon and 
somatostatin cells were preserved in several infiltrated islets 
and in atrophied islets devoid of immune cells (Figure 4a,c). 
The distribution of glucagon cells as a dense core within an 
atrophied islet is shown in Figure 4c. 

Expression and co-localization of iNOS 

Following administration of diabetic splenocytes, immuno- 
labclling of iNOS was first observed at day 7 in a small pro- 
portion of islets (Figure 4d). At days 14 and 21 and at onset 
of diabetes, weak, moderate and intense immunolabelling of 






Figure 2. (a~f): Representative photomicrographs of H&E-stained pancreatic sections from recipient mice showing insulitis at various time- 
points following administration of diabetic spleen cells, (a): Day 0: a large and a small islet without insulitis. (b,c): Day 7: an islet in (b) with 
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Hgure 3. The mean ± SEM number of CD4 cells (solid bars), CDS 
cells (hatched bars) and macrophages (open bars) per islet of recipient 
mice at various time-points following administration of diabetic spleen 
cells. Immune cell numbers were analyzed from three mice at each time- 
point. Polynomial regression analyses showed that there was a significant 
increase in the mean number of each immune cell-type per islet from days 
7 to 14 (p = 0.001) followed by a slight decline from day 21 to onset of 
diabetes (/> = 0.01). 

the enzyme was observed in almost all islets with insuli- 
tis (Figure 4e-j). Dual-labelling showed that iNOS was co- 
localized in a proportion of macrophages (Figure 4f,g,h-j). 
Macrophages positive for iNOS were observed both in the 
peri-islet and intra-islet locations either as several clusters 
or occasionally singly. The expression of iNOS was not 
observed in islets with minimum and peri -islet distributed 
macrophages or in the exocrine region. Beta cells were devoid 
of iNOS immunolabelling. 

Expression and co-localization of IL-4 

Weak IL-4 expressing cells were first observed at days 7 
and 14 in a proportion of islets with insulitis (Figure 5a). At 
day 2 1 , IL-4 expressing cells with weak, moderate and strong 
immunolabelling were observed within the intra-islet areas 
(Figure 5b). The immunolabelling became more intense at 
onset of diabetes (Figure 5c-f). The cytoplasmic staining for 
the cytokine was usually eccentric and punctate (Figure 5e). 
Dual-staining showed that EL-4 immunolabelling was con- 
fined to mostly CD4 cells, although a proportion of them 
were devoid of IL-4 immunoreactivity (Figure 5c-f). 

Dual staining of pancreatic sections with anti -insulin and 
anti-IL-4 demonstrated the absence of IL-4 in beta cells 
(results not shown). 
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Expression and co-localization of IFN-y 

Immunolabelling for TFN-y in the periphery of some islets 
and in exocrine areas was first observed at day 1 4 (Figure 5g). 
At day 21 intra-islet areas also began to express the cytokine 
(Figure 5h). Strong immunolabelling of IFN-y in intra- 
islet immune cells was observed at onset of diabetes. The 
cytoplasmic distribution of the cytokine was punctate and 
eccentric (Figure 5i-1). Dual labelling showed that intra-islet 
IFN-)/ expressing cells corresponded to mostly macrophages 
(Figure 5i-I). 

Immunolabelling for IFN-y was also observed in numer- 
ous cells located in the exocrine region during the study 
period. Dual staining showed that the exocrine cells contain- 
ing the cytokine corresponded to endothelial cells. However, 
this labelling was not specific to the adoptive transfer model, 
since endothelial cell immunostaining for the cytokine was 
also observed in exocrine cells of the pancreas of normal 
Swiss and Balb/c mice (Figure 5m). 

Immunohistochemical controls 

In the immunohistochemical procedure for IL-4 or IFN-y, 
immunoreactive cells were not observed when the primary 
antiserum was replaced with PBS, normal rabbit IgG or nor- 
mal sera from a variety of mammalian species. The use 
of species incompatible secondary antibodies resulted in 
an absence of staining. In the dual staining procedure for 
cytokines and immune cells or cytokines and insulin, omis- 
sion of one of the primary antisera did not result in immuno- 
staining of the antibody-devoid antigen. When the primary 
antibodies against IL-4 and IFN-y were preabsorbed with the 
corresponding antigens, immunostaining was either absent or 
reduced considerably. Immunolabelling for insulin, glucagon 
and somatostatin was absent when the primary antiserum was 
replaced with normal serum from the immunizing species. 

Discussion 

The adoptive transfer model has been employed extensively 
to gain insights on the role of cell-mediated mechanisms 
underlying various disease intervention measures in the NOD 
mouse (Tisch et at. 1994, Mathieu et ai 1995, Harrison etal. 
1996, Nicoletti et at. 1996). Here we have examined this 
model to establish temporal relationships between intra-islet 
influx of immune cells and the production of some of the 



insulitis (arrowheads) and an islet in (c) without insulitis. (d): Day 1 4: an islet with insulitis (arrowheads), (e): Day 2 1 : an islet with almost total intra-islet 
infiltration (arrowheads). (0: Onset of diabetes: an islet with almost total intra-islet infiltration. Scale bars: I cm = 60 urn (a-f). (g-r): Representative 
photomicrographs of pancreatic sections from recipient mice at various time-points following transfer of diabetic spleen cells, showing islets stained 
by immunofluorescence for CD4 and CD8 cells and macrophages, (g-i): Three serial sections at day 14 showing the distribution of CD4 cells (g), 
CD8 cells (h) and macrophages (i) within the same islet. (j-I): Three serial sections at day 21 showing the distribution of CD4 cells (j), CD8 cells (k) 
and macrophages (I) within the same islet. Arrowheads in (j-I) point to the presence of the three cell-types in the exocrine region, (m-o): Three serial 
sections at day 21 showing the distribution of CD4 cells (m), CD8 cells (n) and macrophages (o) within the same islet. In (o) note that macrophages 
are distributed as a prominent band within the periphery of the islet, (p-r): Three separate islets from a diabetic mouse showing the distribution of CD4 
cells (p), CD8 cells (q) and macrophages (r). Note that all three islets show advanced intra-islet infiltration consisting of the three cell-types. Scale 
bars: I cm = 60 urn (g-l). 
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Figure 4. (a-c): Islets from a diabetic mouse showing the distribution of insulin, glucagon and immune cells. (a,b): Confocal view of an islet (a) from 
a diabetic mouse dual-labelled for insulin (green) and glucagon (red). Note loss of many beta celts in (a). Arrowheads point to well-preserved insulin 
in beta cells while the arrow with the longer tail points to beta cells weakly stained for insulin, (b) is the same islet subsequently stained by H&E. 
Arrows in (b) point to the same beta cells denoted by arrows with the shorter tails in (a). Note that the H&E-staincd islet shows advanced insulitis. (c): 
Confocal view of an atrophied islet from the same section as in (a) and (b) stained for glucagon. Note that in the atrophied islet, glucagon cells are 
re-distributcd as a dense core, (d-j): Irnmuno labelling for iNOS and its co-local i/ation at various time-points following diabetic spleen cell transfer, 
(d) and (e) are light micrographs while (f)-(j) are confocal views, (d): Day 7: an islet with a few iNOS positive cells (arrowhead), (e-g): Day 14. (e) 
An islet with strong intra-islet labelling for iNOS. (0 an islet with predominant distribution of iNOS in peripheral areas, (g) is the same islet as in (0 
dual-labelled for macrophages (green) and iNOS (red). Noic presence of iNOS in selective macrophages (yellow), (h-j): day 21 . (h) iNOS labelling in 
an islet, (i) same islet as in (h) immunolabelled for macrophages, (j) merged view of (h) and (i ). Note co-localization of iNOS in selective macrophages. 
Arrowheads in (h-j) point to strong immunolabelling of iNOS in macrophages while arrows point to weak immunolabelling of iNOS in macrophages. 
Scale bars: I cm = 33 urn (a,f,g-j): 1 cm = 20 u.m (b.c); 1 cm = 30 urn (d.e). 



putative beta cell inhibitory and protective molecules follow- 
ing cell transfer. 

Here we show that transfer of diabetic splenocytes results 
in significant infiltration of islets from day 14 and is main- 
tained until the onset of diabetes. However, several days 
elapse between the onset of advanced insulitis and clinical 



diabetes. The trend in the insulitis scores closely mirrored 
the increase in the number of intra-islet CD4 and CD8 cells 
and macrophages. Although islet-located macrophages have 
been implicated as the earliest immune cells which infiltrate 
the islets during spontaneous diabetes in the NOD mouse 
(three weeks), in the low-dose streptozotocin mouse model 



18069302 



Immune cell influx and iNOS and cytokine co-localiMion in the NOD mouse 203 




Figure 5. Immunofluorescence photomicrographs of islets or exocrine areas in pancreatic sections of recipient mice and immunostained for IL-4 and 
IFN-y (red) and immune or endothelial cells (green). All photomicrographs are confocal images except (a,b,g) and (h) which are light micrographs, 
(a-f): IL-4 immunolabelling. (a): Day 7. Arrowheads point to IL-4 cells in the periphery of an islet white an arrow points to cells immediately outside 
the islet, (b): Day 21. Only a part of the islet is shown. Numerous IL-4 positive cells are seen within the islet (arrowheads), (c-f): Diabetic mouse, 
(c) shows an islet with strong (arrowheads), moderate and weak immunolabelling for JL-4. (d) is a merged view of the same islet dual -labelled for 
IL-4 (red) and CT>4 cells (green). Smaller arrowheads point to CD4 cells expressing IL-4 while arrows point to intra-islet CD4 cells devoid of IL-4. 
The larger arrowhead points to a CD4 cell outside the islet and which are devoid of IL-4. (e,f): Detailed confocal view of the rectangular area in 
(c) and (d) showing IL-4 immunolabelling. Arrowheads in (e) and (f) point to the same CD4 cells immunolabelled for IL-4. Note punctate TL-4 
immunolabelling in the cytoplasm, Arrows in (e) and (0 point to a CD4 cell with eccentric IL-4 immunolabelling. (g-m): IFN-y immunolabelling. 
(g): Day 14. Arrowheads point to IFN-y immunolabelling in the peripheral cells of a small islet while an arrow points to immunolabelling in some 
cells in the exocrine area, (h): Day 21. Arrowheads point to IFN-y immunolabelling in cells within an islet (majority of the islet area is enclosed 
between the two solid white lines), (i j): Diabetic mouse, (i) shows an islet with numerous strong (arrowheads), moderate and weak immunolabelling 
for IFN-y. (j) is a merged view of the same islet dual-labelled for IFN-y (red) and macrophages (green). Arrowheads point to macrophages expressing 
IFN-y. (k t l): Detailed confocal view of the rectangular area in (i) and (j) showing IFN-y immunolabelling. Arrowheads in (k) and (I) point to the 
same macrophages containing IFN-y. Note eccentric immunolabelling for IFN-y in the cytoplasm, (m); Merged view of immunolabelling for IFN-y 
and endothelial cells in the exocrine pancreas of a normal Swiss mouse. Note co-localization of the cytokine in endothelial cells (yellow). Scale bars: 
I cm = 30 vim (a.b.g.h); 1 cm = 33 um (c ( dxj); 1 cm — 17 um (e,f f k-m). 
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(five days after (he fifth streptozotocin injection) and in the 
adoptive transfer model (second week after cell transfer), 
we did not observe their numerical predominance at day 7 
(Kolb-Bachoven^a/. 1988, Hutchings etal. 1990, O'Reilly 
et aL 1994). Our results show that at this stage all three 
cell-types co-existed in approximately equal numbers, usu- 
ally in the peri- islet areas. At the later stages of prediabetes 
macrophages were seen in considerable numbers in intra-islet 
areas in association with T cells. 

Advanced insulitis from day 14 was coincident with a 
marked increase in the expression of iNOS and the two 
opposing cytokines, 1L-4 and IFN-y within the islet area. 
Macrophages within the islet are thought to release various 
cytokines, such as IL-10 and/or TFN-y (Mandrup-Poulsen 
et aL 1989, Rabinovitch 1993). Cytokine production within 
the islet macrophage may lead to local NO production follow- 
ing transcription and translation of iNOS (Cetkovic-Cvrlje & 
Eizirik 1994). Our results concur with a previous study in 
which islets isolated from mice following adoptive transfer 
also released increasing levels of NO during the second half 
of the prediabetic stage (Corbett et aL 1993). This period 
coincided with a parallel impairment of glucose- induced 
insulin release which suggests that, in this model, NO orig- 
inating from the islet may be directly toxic to beta cells. 
In the cyclophosphamide model of accelerated diabetes, an 
enhanced expression of iNOS in selective macrophages and 
in association with advanced insulitis are also observed prior 
to diabetes (Reddy et aL 1999). 

We show that iNOS labelling is present in selective 
macrophages and during massive infiltration of islets and 
rapid beta cell destruction. These studies are in accord with 
previous findings in the NOD mouse which suggest that intra- 
islet 1L- 1 may be insufficient to induce beta cell expression 
of iNOS (Welsh et aL 1995). Transcription and translation 
of the enzyme in macrophages may be through paracrine or 
autocrine signals by locally produced IL-l/f. Systemically 
administered IL- 1 either given alone or in combination with 
IFN-y and/or TNF-or to NOD mice, results in a similar selec- 
tive expression of iNOS in macrophages (Reddy et aL 1997). 
However, unlike in the cyclophosphamide model and in the 
cytokine-treated mice, iNOS expression in beta cells was not 
observed in the adoptive transfer model despite active beta 
cell destruction. The possibility that iNOS may be present in 
some beta cells but at a level beyond the sensitivity of the 
present immunohistochemical procedure cannot be ruled out 
completely. More sensitive procedures such as in situ reverse 
transcriptase-PCR and other methods of detecting iNOS pro- 
tein are necessary to resolve this question. 

Immunolabelling of IL-4 was observed in increasing num- 
bers within the islets, at day 21 and persisted at onset of 
diabetes. The presence of IL-4 cells in the exocrine region, 
including the perivascular spaces suggest that some immune 
cells express IL-4 prior to invading the islets. Extra-islet 
IL-4 induction may occur through several processes includ- 
ing activation of tissue resident mast cells, of natural killer 
T cells and antigen traffic back to the vascular poles for 
de-novo activation in situ. The cytokine was co-localized in 
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a proportion of CD4 cells which also showed varying inten- 
sities of immunolabelling. Subpopulations of intra-islet CD4 
cells may exist since splenocytes positive forCD45RB ltw CD4 
cells upon stimulation with anti-CD3 produce IL-4 (Shimada 
et aL 1996). The co-localization of IL-4 in CD4 cells is con- 
sistent with previous results in other experimental systems 
(Mossmann & Coffman 1989). 

The expression of TFN-y within the intra-islet areas was 
observed at day 2 1 and more strongly at onset of diabetes but 
in parallel with IL-4 and iNOS expression. However, intra- 
islet expression of IFN-y was first detectable after that of IL-4 
and iNOS and was co-localized in macrophages. Immuno- 
histochemical analyses of isolated immune cells from syn- 
geneic islet grafts transplanted under the kidney capsule of 
NOD mice show co-localization of the cytokine in both CD4 
and CD8 cells (Suarez-Pinson et a!. 1996). However, in these 
studies macrophages were not examined for the presence of 
TFN-y. By immunohistochemistry, IFN-y was reported to be 
present in lymphocytes of inflamed islets of IDDM patients 
(Foulis^frt/. 1991). Another cytokine, interferon-a (IFN-a), 
has been detected at the mRNA level in islets of mice prior 
to administration of streptozotocin and in BB rats preced- 
ing insulitis (Huang et aL 1994). It has also been detected in 
beta cells of human subjects with IDDM and the correspond- 
ing mRNA has been found to be elevated in the pancreas of 
recently diagnosed IDDM subjects (Foul is et aL 1 987, Huang 
etaL 1995). 

In this study, immunoreactive TFN-y was also observed in 
a proportion of endothelial cells located in the exocrine areas. 
The significance of endothelial IFN-y is unclear since a sim- 
ilar pattern of expression was also observed in pancreatic 
sections of normal CD-I and Balb/c mice. However, stud- 
ies indicate that the endothelium can be a source of several 
cytokines, including IL-8, a chemotactic cytokine (Kilgore 
etaL 1997). 

Recent studies have shown that murine bone marrow- 
derived macrophages secrete large amounts of IFN-y protein 
upon combined stimulation with IL-12 and IL-18 (Munder 
et aL 1998). Macrophages can also be induced to produce 
IFN-y upon stimulation with lipopoly saccharide and in mice 
during pulmonary infection with Mycobacterium hovis bacilli 
Calmette-Guenn (BCG) (Fultzz et aL 1993. Wang et aL 
1999), It is now known that immune cells within the islets 
of the NOD mouse contain significant amounts of IL-12 and 
IL-18 mRNA (Rabinovitch et aL 1996, Rabinovitch 1998). 
Therefore, IL-12 and IL-18 may act synergistically and pro- 
vide a powerful autocrine stimulus for IFN-y production in 
macrophages of the NOD mouse. Thus, our present findings 
indicating macrophages as an important cellular source of 
IFN-y may be genuine. By reverse transcriptase-PCR, IFN-y 
mRNA can be detected in the pancreas or isolated islets during 
spontaneous diabetes in the NOD mouse (Rabinovitch et aL 
1995, Faulkner- Jones et aL 1996). However in such studies 
expression of IFN-y at the protein level requires verification 
since post-translational control mechanisms for cytokines are 
known to exist (Lindsten et a!. 1989). In other immunohisto- 
chemical studies, immune cells isolated from the islets of the 
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NOD mouse at various stages of the disease did not express 
this cytokine (Pilstrom etal. 1997). In NOD mice where the 
gene for this cytokine has been deleted, insulitis and diabetes 
persist, albeit with a delayed onset of the disease (Hultgren 
et al. 1996). Administration of TFN-or inhibits diabetes in the 
NOD mouse (Sobel & Ahvazi, 1998). In view of these para- 
doxical findings, the role of IFN-y in provoking diabetes in 
the NOD mouse requires further studies. 

By in situ hybridization, intra- islet expression of genes 
encoding TNF-or and granzyme A have been demonstrated 
during spontaneous diabetes in the NOD mouse and subse- 
quently in an adoptive transfer model employing newborn 
mice as recipients (Held et al 1990, Mueller et al. 1995). In 
the adoptive transfer study, a marked increase in the number 
of mRNA cells for granzyme A and TNF-of was observed just 
before the onset of diabetes and in association with increas- 
ing insulitis (Mueller et al. 1 995). In these studies the cellular 
sources of TNF-or and granzyme A were thought to be CD4 
cells and CD8 cells, respectively. 

In conclusion, this study shows that in the adoptive trans- 
fer model, there is a close temporal relationship between 
the heightened influx of intra-islet immune cells and the 
expression of putative beta cell inhibitory molecules such as 
NO and IFN-y and clinical diabetes. However, the marked 
co-expression of TL-4, a putative beta cell protective cytokine 
at onset of diabetes does not suggest a clear intra-islet Thl 
dominance. Further studies are required to identify additional 
Thl and Th2 cytokines, their dynamics and cross regulation 
within the inflamed islets. These studies may contribute to a 
better understanding of the molecular mechanisms underly- 
ing cytokine- induced beta cell destruction or protection dur- 
ing autoimmune diabetes. 
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